In this article the delamination phenomena, which occurs in the X70 steel during fracture process from the Charpy impact tests, was investigated. Microstructure, microtexture and Taylor factor map analyses were performed by scanning electron microscopy, light microscopy and electron backscatter diffraction, respectively. In a cross-section of two fractured surface regions namely, in the perpendicular and parallel regions to the propagation fracture direction where delamination occurred, it was possible to notice that delamination showed a key role in the anisotropy of impact toughness between the L-T and T-L orientations. The results also revealed that the cause of the delamination can be attributed to the presence of microstructural banding and elongated ferrite grains aligned in a rolling direction. The presence of (100)[011] and (111)[110] crystallographic orientations, with Taylor factors close to 2.7 and 4.5, respectively, were identified in the delamination region. They contribute to the occurrence of cleavage delamination during the fracture process.
Introduction
The transport of oil and gas through pipelines requires steels that are characterized by a combination of high strength and toughness. These steels are specified by the API 5L standard, and constitute the class of steels known as high strength and low alloy (HSLA). The combination of high strength and toughness allows an increase in the transmission capacity by operation at duct in high pressures. The increase in resistance allows a significant reduction in thickness, with a consequent reduction in weight, and contributes to improving the fracture toughness, which tends to decrease with the thickness increasing 1, 2 . The thermomechanical process is mainly responsible for the increasing resistance, and consequently, for the reduction in thickness. However, this procedure can result in anisotropic mechanical properties. This anisotropy is attributed to the presence of inclusions, anisotropic microstructure, crystallographic texture, the presence of inclusions such as manganese sulfide, which tend to become stretched during rolling, and pearlite bands resulting from chemical segregation in the solidification process. With respect to texture, these steels tend to develop a strong fiber texture during controlled rolling, involving deformation, recrystallization and phases transformation 2, 3 . With regard to the fracture process by impact test, these steels exhibit the phenomenon known as delamination, whose occurrence can be attributed to crystallographic texture, intergranular fracture along grain boundaries of retained austenite, segregation of elements such as phosphorus and sulfur, microstructural anisotropy, banding, inclusions and aligned particles 3 . Thus many studies have been conducted to determine the relationship between microstructure and mechanical properties, where the technique of electron backscatter diffraction (EBSD) has gained the ability to relate the spatial distribution of plastic deformation with the microstructural characteristics. In addition, this allows a better understanding of the mechanisms responsible for the nucleation and propagation of delamination cracks, which are a major problem in HSLA steels 4, 5 . Furthermore many works have investigated the influence of the delamination phenomena on impact toughness of microalloyed HSLA steels [5] [6] [7] [8] [9] . Some of these works reported that the presence of delamination can decrease the uppershelf higher energy in an impact test. Others have reported that the formation of delamination during the fracture process can increase it. Recently, Inoue et al. 7 proposed a new model in which the absorbed energy in the impact test is enhanced by the presence itself. This mechanism is shown in Figure 1 , where the formation of two types of delamination can be seen: the crack-arrester type; and the crack-divider type. The first type is formed perpendicular to the direction of fracture propagation, and its formation requires the occurrence of normal planes to the orientation of notch, as the (100) planes and relatively weak interfaces, such as interface grain boundaries, are aligned with the direction of rolling and the interface between the ferritic matrix and cementite particles 10 . In addition, the delamination can be caused by the plastic anisotropy of the banded structure from the controlled rolled steels 11 . In this context the contribution to the present work was to investigate through the microtexture and Taylor factor analysis in the delamination region, which takes place during fracture process from the Charpy impact tests, the main crystallographic orientations with high and low stored energy can be associated with plastic anisotropy from the banded microstructure of the API 5L X70 steel. These analyses were performed by EBSD technique in two regions of the ductile-brittle transition temperature (DBTT) region; namely, in those perpendicular and parallel to the regions where the delamination occurred. It was also performed to study it in relation to influence of delamination in the anisotropy of impact toughness between the L-T and T-L orientation specimens. Scanning Electron Microscopy (SEM) and Light Microscopy (LM) were also used to understand the mechanisms that produce this phenomenon.
Microstructure and Microtexture Assessment of Delamination

Experimental Procedure
Material
The material used was microalloyed steel, specified as API 5L X70 standard grade, obtained by the thermomechanical treatment of controlled rolling. The chemical composition obtained by optical spectrometry technique is shown in Table 1 :
Tensile properties from the L-T and T-L orientations were: 586 (±16.5) MPa and 608 (±21.5) MPa for the ultimate tensile strength, 524 (±21.8) MPa and 538 (±21.7) MPa for the yield limit, and 0.25 and 0.24 strain hardening, respectively. It is possible to see low anisotropy in tensile properties.
Microstructural characterization
The microstructural characteristics analysis samples were obtained from the rolling direction (RD), transverse to the rolling direction (TD) and normal direction (ND). All samples were ground and polished, with the final polishing step performed with colloidal silica (<1μm). The etching was carried out using a solution of 3% Nital, combined with a solution of 2.4% picral. The observation of the microstructure was performed using an Olympus BX-51 microscope, with a coupled video camera. The capture of images was performed using the IMAGE PRO PLUS 5.1 program. The morphologies of pearlite microconstituent and ferrite phase were investigated by scanning electron microscopy, trademark Shimadzu SSX 550.
Charpy impact test
Charpy impact tests specimens were removed from the orientation and dimensions. according to ASTM E-23 12 , as can be seen in Figure 2 .
The tests were carried out in a temperature range of 27°C to -196°C, and the specimens were immersed in a cryogenic bath of nitrogen and anhydrous alcohol liquids for 10 minutes, after which the specimens were tested. To increase the accuracy of this procedure the hammer would only be released if the entire process occurred within 5 seconds.
Microtexture
Microtexture analysis was performed by EBSD technique. To carry out these measurements two samples were used from the fractured specimens in the L-T orientation, by impact testing at -25 °C with 226J of absorbed energy in the ductile brittle transition temperature region. Analyses were performed in the region perpendicular to the direction of fracture propagation, and near the edges of the crack generated by the crack-divider type of delamination, as shown in Figure 3a ). Another analysis was performed parallel to the direction of fracture propagation and near the separation edge caused by delamination, as shown in Figure 3b . The samples were polished in a solution of OP-S (colloidal silica), and then etched with Nital 2%. For EBSD data collection TSL 5 IOM data collection software was used, while OIM Analysis 5 was used for data processing. The scanning electron microscope used to perform such measures was the EDAX TSL EVO MA 10. Figure 4a shows a three-dimensional view of the material microstructure obtained by light microscopy, showing equiaxed ferrite grains (white) and pearlite colonies (black color) forming a banded microstructure, which consists of alternated layers of ferrite and perlite, with similar morphology for both in the rolling and transverse directions. During the solidification process, some chemical elements, such as manganese, silicon, phosphorus and sulfur, are rejected from the initial formation of ferrite dendrites, resulting in interdendritic regions with a high concentration of solute. The hot rolling in the austenitic phase leads to the formation of regions with a high concentration of solute in a "pancake" shape, which is the basis for the formation of microstructural banding 13 . The manganese chemical segregation during the solidification process, and its scattering in layers during the rolling, has an important role in the formation of banding in HSLA steels. This segregation occurs in interdendritic mode and reduces the carbon activity in the austenite, contributing to carbon segregation surrounding regions rich in manganese. Thus, during the transformation phase after the hot-rolling process, the regions enriched with carbon and manganese are transformed into pearlite 3 . Indeed, chemical analysis reveals that the material exhibits a significant content of manganese (Table 1) in comparison to other alloying elements, which obviously contributes to the formation of banding. This feature of banding induces a difference between plastic and elastic properties of the ferrite and perlite, such as Vickers microhardness values that are approximately 227 and 338 for ferrite and pearlite microconstituents, respectively.
Results and Discussion
Microstructural analysis
Figures 5a-d display the features of the API X70 steel microstructure obtained by scanning electron microscopy (SEM), using a secondary electron mode. It is possible to notice the characteristics of ferrite and pearlite banding, which are opposite the images obtained by light microscopy: light and dark regions are pearlite and ferrite colonies, respectively. Figure 5a reveals the presence of pearlite colonies with elongated ferrite grains, Figure 5b shows the difference of depth between the ferrite and pearlite, while Figure 5c shows the pearlite lamella formed by ferrite and cementite (Fe 3 C), and Figure 5d shows the approximate measures of pearlite interlamellar distance, both slightly above 200nm. Figure 6a shows the absorbed energy versus the temperature curve for L-T and T-L orientations. It is possible to see that there was a higher scattering in the energy values for the specimens from the L-T orientation when compared to the T-L orientation. In the lower shelf energy where cleavage fracture occurs, both directions provided the same value of energy, 5J. The L-T orientation has a higher upper shelf energy than the T-L orientation. Consequently, this direction has higher absorbed energy for all temperatures, including that relating to the ductile-brittle transition temperature (DBTT). Concerning the DBTT, the L-T orientation also obtained the highest absorbed energy values as a function of orientation, as can be seen in Figure 6b This difference in the increased higher level of energy and the reduction of DBTT can be explained in terms of the ferrite and pearlite band density, and the anisotropic nature of rolled plates.
Charpy impact test
Studies performed by show that if the concentration of bands is greater in the T-L direction, then more weak interfaces are introduced in that direction as a result, which contributes to reducing the DBTT. Although the number of bands per unit area has not been quantified in this study, it is possible to see that such a difference exists, and that it is contributing to the decrease in DBTT for the L-T specimens. Figure 7 presents an example of a specimen fracture surface from the Charpy impact test with delaminations. In Figure 7a it is possible to observe a crack-arrester type delamination from the specimen tested at -5°C, with 265J of absorbed energy. Figure 7b also shows a set of crack-divider type delaminations from the specimen tested at -36°C, with 100J of absorbed energy.
Feature of fracture and delamination phenomenon
It can be seen in Figure 7a that the crack-arrester type of delamination occurs perpendicular to the propagation fracture direction and parallel to the notch, while the crack-divider type of delamination occurs parallel to the propagation fracture direction and perpendicular to the notch. In the present work, the crack-arrester delaminations occur predominantly in the T-L orientation, while crackdivider delaminations occur more frequently in the L-T orientation. In both orientations, the occurrence of delamination took place in the DBTT region. In addition, crack-arrester type delaminations are known for their beneficial effect on increasing upper shelf energy, according to 10 . However, in the present study there was no occurrence of crack-arrester delaminations in the upper shelf energy, for both L-T and T-L orientations.
Moreover, delamination can lead to a reduction in the ductile-brittle transition temperature. This feature can be explained as follow. It is well known that the fracture toughness value depends directly on the stress state at the crack tip, which it increases with decreasing stress triaxiality. Namely, low stress triaxiality induces low plastic constraint at the crack tip, and consequently a higher fracture toughness value. Thus, stress triaxiality can be reduced by relaxing the σ zz stress component (Figure 8 ) by the occurrence of crackdivider delamination, which takes place perpendicular to the normal direction; that is, the thickness direction. In this case, when delamination takes place, the effective thickness of the samples is reduced, and the σ zz stress decreases to zero at each delamination 5, 15 . Accordingly, this reduces the plastic constraint on fracture region and increases the absorbed energy from the Charpy impact test. Moreover, the specimens with delamination can act like a cluster of thin samples instead of one thick one. Furthermore, each interface between ferrite and pearlite acts as a weak interface, thus, depending on the density of ferrite-pearlite banding, the delaminations are thinner or thicker 5 . This characteristic can be seen in Figure 9 , which shows fractured surfaces from the L-T and T-L orientations, with crack-divider and crack-arrester delaminations. It is possible to notice in Figure 9 that features of delamination differ depending on the orientation specimen. That is, the L-T orientation specimens display the predominance of a central delamination with secondary delaminations, which suggests severe plane stress condition, while the T-L orientation specimens show a predominance of deep, single delamination, thus inducing a low plane stress condition in relation to L-T orientation. This can explain the higher Charpy impact energy, as well as the lower DBTT for the L-T orientation in comparison to the T-L orientation.
For a better understanding of the mechanisms which may be contributing to the formation of delamination, a microstructural analysis by light microscopy was carried out in a perpendicular region to the propagation fracture direction, as shown in Figure 3a . The microstructure analysis close to the edge crack is caused by the crack-divider type delamination, as can be seen in Figure 10 . The features that can contribute to the formation of delamination are a banded microstructure and the presence of elongated ferrite grains along delamination, as can be seen in Figures 10a and 10b . The other feature can be associated with incompatibility between the elastic and plastic properties of the ferrite phase and perlite microconstituents, as shown in Figure 10a . This separation between ferrite and pearlite is commonly observed in HSLA microalloyed steels 3, 9 . This occurrence of delamination along the grain boundaries indicates that delamination can make small adjustments in its propagation direction, to change from one grain boundary to another 14, 15 . Such evidence is displayed in Figure 10c .
However, Figures 11a-c show images obtained by SEM in the secondary electron mode, from the region around a crack generated by delamination of the same sample, used in the analysis of Figure 10 . In Figure 11a , the crack propagates along the ferrite, and there is no separation between the ferrite and pearlite in this area. However, as it is a region close to the end of the crack, it cannot be said that such separation does not occur in other regions, such as in the crack initiation region. In Figure 11b a small split can be observed from the A region, shown in Figure 11a . This split suggests some kind of mismatch between interfaces, such as the presence of some inclusion aligned in the rolling direction, or stacking dislocations in the contours of the grain 16 . To identify the fracture micromechanisms that contribute to the formation of delaminations, fractographies were taken, using scanning electron microscopy (SEM) from the impact tested specimen at -53 °C, with 100J of absorbed energy. In Figure 12 a it is possible to notice a ductile fracture type containing delamination. Figure 12b is a magnification of Figure 12a , which reveals the presence of dimples, originating from the nucleation, coalescence and separation of microvoids during the fracture process. Figure 12c corresponds to the F region, and shows the internal feature of a delamination, with its microdelaminations indicated by arrows. In this figure the presence of brittle fracture can be noted, characterized by a multifaceted surface, that is, cleavage planes, as can be seen in Figure 12d (H region of Figure 12c) ). Thus two fracture modes are observed: the brittle fracture within the delamination, indicating some type of decohesion between grain boundary; and the predominance of the ductile fracture region 3 .
Microtexture
To assist in the discussion of the microtexture results, some important orientations observed in rolled materials are shown in Figure 13 . These orientations are specified in terms of fiber textures. The cross-section of the Euler space Φ2 = 45° was used in the analysis of the orientation distribution function (ODF). The orientations along the RD fiber, also known as α fiber, are developed during hot and cold steel rolling, whereas the TD fiber components also known as ε fiber are more frequent in hot rolled and recrystallized materials, and the ND fiber normal direction or γ fiber is typical rolled ferrite from the low carbon and interstitial-free steels 8 . Figure 14a shows an image obtained by scanning electron microscopy in the propagated crack region by crack-divider type delamination, the orientation distribution map, the inverse pole figure, the orientation distribution function (ODF) for Bunge angle Φ 2 = 45°, and the pole figures of (100) and (110) planes. The quantification of the microtexture was performed by the EBSD technique, using the following parameters: for Figure 14b a step size of 1 micron and 1000 X magnification was used; and for Figure 14c a step size of 3 microns and a magnification of 3000X was used.
In Figure 14b it is possible to see the presence of a dark region, which shows a crack produced by the formation of delamination. The remaining points may be perlite regions, which have very thin lamella (about 200nm), as shown in Figure 5d . As the distance between lamellas is smaller than the step size used, the occurrence to indexation of crystallographic planes to these regions was not possible, resulting in dark regions. Another plausible explanation is associated with the material deformation, which can contribute to the accumulation of dislocations at grain boundaries, resulting in non-indexed regions. In Figure 14b there is a quite heterogeneous grain size distribution, and the absence of (100) planes. Figure 14c shows the propagated crack region by delamination, and the same propagates along the grain boundary. The occurrence of the delamination along the elongated grain boundaries indicates that it can make minor adjustments in its propagation direction, to change from one grain boundary to another, as shown in Figure 10c . It is confirmed by the separation of grains with [111]||ND and [101]||ND texture components, indicated by 1 up to 5 grains, respectively. It is well known that crack propagation in the grain boundary occurs through high angle boundaries 4, 17 . In this context, Figure 15 shows the misorentation angles obtained by EBSD technique, from the scanned region in Figure 13b . For the generation of statistical data points, only disorientation greater than 2° was considered. It is possible to see in Figure 14 that approximately 42% of the misorientation angles among adjacent grains are smaller than 10° (low angle boundaries), while the other 58% are randomly distributed between 10° and 110°, indicating a high grain boundary angle. This means the delaminations appear to propagate by means of a low energy fracture mechanism, which is the same as with the absence of (100) planes, as can be seen in Figure 14c . To quantify the major components involved from the delamination region, the pole figures and ODF were generated, as shown in Figures 14d and e . Both used the orientation map from Figure 14b , which provides better precision in the information owing to its higher scanned area. The ODF shown in Figure 14d reveals that the orientations have α fiber components, which are typical components from the deformed ferrite. With the use of the ODF section shown in Figure 13 , it was possible to index the ODF main components, namely: (221) Figure 14e confirm the presence of the α fiber components identified by the ODF.
Furthermore, crystallographic plane materials, with (100) orientation aligned in the rolling direction, show a strong tendency to occur cleavage fracture during impact test 3, 4, [6] [7] [8] [9] 14 . To identify whether the separation of the (100) planes occurred in this case, the microtexture on the edge of the parallel section's (Figure 3b) ) fractured surface was measured, where the delamination was generated. This sample was the same used in the analysis of Figure 14 , but using step size of 1 micron and 1000X magnification. The results obtained are displayed in Figure 16 . It can be observed in Figure 16a the difference of depth between the ferrite and pearlite, while Figure 16b shows the distribution orientation map, where there is a heterogeneous distribution of grain sizes, and a few areas where there were no indexing of the planes, and the presence of (100) planes. The ODF to Bunge angle Φ 2 = 45° is shown in Figure 16c , and its indexing shows the main texture components are (223) [032] and (332) [110] . grains in deformed bands are composed of two families, which can be broadly classified into (111) [110] and (100) [011] types. Under applied stress, the different textures bands are expected to behave differently, thus producing a discontinuity in plastic strain at the boundaries of the bands, which ultimately leads to fracture along the grain boundary. However, some studies have found that the plastic anisotropy between the (100)[011] and (111) [110] orientations are not sufficient to cause delamination. Thus, some works suggest that delamination is a cleavage fracture, when the same fracture is initiated from the perlite colonies, when such colonies are surrounded by deformed ferrite grains, with orientation close to (100) [011] . In this case, the crack will propagate rapidly within these regions, causing delamination 18 . However, in the present study, both features were found: namely, the presence of (100)[011] and (111) [110] orientations, identified in the pole figure for the (100) plane and brittle fracture, caused by delamination, as shown in Figures 16d, 12c and 12d , respectively. This suggests that both factors contribute to the formation of the crack-divider type of delamination.
As seen in Figure 14c , the nucleated crack by delamination separated the grains with (111)||ND and (101)||ND texture components. It is evident that, in this case, the presence of the (111)||ND components near to the delamination should be noticed, thus confirming the separation of ferrite planes. Besides, the presence of the (100) planes was also confirmed. However, as in this case, only the microtexture was analyzed, and it cannot confirm whether this is a general rule for the nucleation of delamination in the material under study.
Experimentally, it is well known that the stored energy during the deformation changes with the crystallographic orientation of the grains. The Taylor factor is a parameter that correlates to macroscopic deformation behavior, with microstructural characteristics of the material 19 . According to the theory of plasticity, the stored energy increases with the Taylor factor, which in turn, depends on the crystallographic orientation grain in relation to the direction of applied stress. The Taylor factor is defined as:
where dg i represents shear portions in each of the activated sliding systems in a certain grain, while the sample receives a macroscopic deformation de. Thus, measures of the Taylor factor mapping were performed from the delamination regions, to identify crystallographic orientations with high and low stored energy, which can be associated to plastic anisotropy from the banded microstructure shown in Figure 10 , as well as the main texture components associated with this behavior, as shown in Figures 14 and 16 . Figure 17 shows the Taylor factor mapping from the delamination proximity (Figures 14 b and c) ). It is possible to note in Figure 17b that the separation generated by delamination has occurred among grains with a different Taylor factor. The 1 and 2 grains were separated with a Taylor factor of around 4.8 and 3.5, respectively. In others words, it means that cracks spread among grains with high and low energy. The same situation took place for the 5 and 7 grains. The 3 and 4 grains also show a Taylor factor in the range of 3.0 and 3.6, and the same occurred with the 5 and 6 grains. This difference of Taylor factor among neighboring grains generates strong incompatibilities in the process of plastic deformation, favoring the fracture along the grain boundaries from the crack-divider delamination, as can be observed in Figure 17 .
It notes that close to 57% of grains have a Taylor factor between 2.9 and 3.6, and 27.61% of grains have a Taylor factor between 4.1 and 4.8. In addition, the 4 and 5 grains show a difference of tonality; that is, different (slightly darker regions) material regions experienced greater deformation, thus higher Taylor Factor was obtained, while clearer region suffered less deformation and consequently had a lower Taylor factor. Figure 18 shows the Taylor factor mapping from the sample region shown in Figure 16b . In this case it was observed that approximately 55.34% of the grains have Taylor factors between 2.7 and 3.4, while 14.01% of the grains have a Taylor factor between 4.07 and 4.76. Thus, this sample presented a lower number of fractions of grains with Taylor factors between 4.1 and 4.8, when compared with the sample analyzed in Figure 17 , that shows a minor absorbed energy in this region once the Taylor factor map refers to the local energy stored 18 . The stored energy from the low carbon steels can be different according to the sequence: E (110) > E (111) > E (211) > E (100), where hkl plans refer to rolling plans in each grain 20 . Thus a comparison can be performed from the 1, 2 and 3 numbered regions of Figures 16b and 18a , where the presence of the (100) planes and Taylor factor close to 2.7 can be observed in the respective regions. Consequently, a smaller stored energy was absorbed. However, the 4, 5 and 6 numbered regions of the same figures show a predominance of the (111) planes and a higher Taylor factor close to 4.5.
Conclusions
The features of delamination regions were investigated, using EBSD technique, LM and SEM analyses in Charpy impact specimens made of X70 steel. The results can be drawn as follows:
Charpy impact testing from the API 5L X70 steel shown during the fracture process takes place in two types of delaminations the crack-arrester and crack-divider and both occur in the DBTT region.
The crack-divider type had a predominance of central and secondary delaminations, whereas the crack-arrester showed a predominance of deep, single delamination. It was possible to notice that delamination played a key role in the anisotropy of impact toughness between the L-T and T-L orientations.
The results from the LM, SEM and microtexture revealed that the cause of the delamination can be attributed to the presence of microstructural banding and elongated ferrite grains, aligned in the rolling direction. The presence of (100) [011] and (111)[110] crystallographic orientations was identified in the delamination region, with Taylor factors close to 2.7 and 4.5, respectively. This suggests the difference of stored energy from the planes produces a strong mismatch in Taylor factors, and contributes to an increase in the plastic anisotropy among regions of planes, and consequently, the occurrence of cleavage delamination during the fracture process.
The main microtexture components obtained from the perpendicular region of delamination from ODF were (221) [110] , (223) 
